Abstract: The U.S. Environmental Protection Agency (EPA) recently issued a notice of violation against Volkswagen (VW) for installing a defective device in certain models of diesel cars to circumvent emission tests for nitrogen oxides (NO x ). We quantified the health and economic impacts of extra NO x emissions attributable to non-compliant vehicles in the U.S. using the EPA's Co-Benefits Risk Assessment model. We estimated that the total extra NO x emitted over one year of operation would result in 5 to 50 premature deaths, 687 to 17,526 work days with restricted activity, and economic costs of $43,479,189 to $423,268,502, based on various assumptions regarding emission scenarios and risks. This study highlights the potential impacts of VW vehicles' lack of compliance on the health and well-being of the U.S. population.
Introduction
On 18 September 2015, the United States (U.S.) Environmental Protection Agency (EPA) issued a notice of violation of the Clean Air Act to Volkswagen (VW) AG, Audi AG, and VW Group of America [1], sparking public uproar. Volkswagen illegally installed a defeat software in approximately 482,000 diesel-powered passenger cars in the U.S. since 2008. This software circumvents the U.S. EPA's emission tests by turning off the nitrogen oxides (NO x ) emission control system in real-world driving. Ambient air pollution was estimated to contribute to~3.7 million deaths globally in 2012 [2] . Vehicles are a major source of air pollution in urban areas, and traffic-related air pollutants have been linked to many adverse health effects, including mortality, non-allergic respiratory morbidity, allergic illness and symptoms, cardiovascular morbidity, cancer, preterm birth, and decreased male fertility [3] . Measuring the health and economic impacts of air pollution typically consists of three key steps: assessing exposure, estimating health impact by linking exposure to selected exposure-response relationships from the literature, and converting that health impact into an equivalent dollar value [4] . Most studies on the impact of air pollution tend to be similar in these last two steps because they primarily use the same well-established exposure-response and economic data from the literature. Exposure to air pollution has generally been assigned using the interpolated values of monitoring data or predictions generated from dispersion models-e.g., the EPA's Community Multi-scale Air Quality (CMAQ) Modeling System. Although air quality models like CMAQ provide exposure estimates at fine spatial and temporal resolutions, they are computationally intensive, especially at a large (e.g., state and national level) scale [5] . Reduced-form air quality models that are computationally efficient and easy to use have been developed and used in previous studies [5] [6] [7] , and several health impact assessment tools relying on these reduced-form models have been provided by the EPA-e.g., the Co-Benefits Risk Assessment (COBRA) screening model. COBRA has been used in previous studies to evaluate the health impact of a technology or policy [5, 8] .
Despite speculation regarding the public health impact caused by VW's lack of transparency, the expected toll on human health and related external economic costs remains unaddressed. The purpose of this research is to estimate the health and economic impact of Volkswagen's non-compliance across the U.S. using the EPA's COBRA screening tool.
Methods
The EPA determined that VW illegally installed software in certain diesel-powered passenger car models that, in real-world driving, bypass a built-in NO x abatement system [1]. In the U.S., 482,000 cars equipped with 2.0-liter diesel engines were affected [1]. We used COBRA to estimate the numbers of premature deaths, health conditions, and lost work days attributable to the non-compliant vehicles and all related economic impacts [9] . COBRA is a peer-reviewed screening model developed for the EPA that estimates health and economic benefits or costs of different air quality regulations [9] . The model's inputs include changes in the emissions of fine particulate matter (≤2.5 µm in diameter, PM 2.5 ), sulfur dioxide (SO 2 ), NO x , ammonia, and volatile organic compounds by source category at various spatial scales (e.g., county, state, and national levels). With NO x emission changes provided by users, COBRA uses a reduced-form air quality model to derive changes of ambient PM concentrations due to these NO x emission changes and then estimates health effects attributable to PM. This reduced-form air quality model is called the Source-Receptor (S-R) Matrix. The S-R matrix provides transfer coefficients between emissions and county-level PM 2.5 concentrations in the U.S. via a sector-based Gaussian dispersion model that accounts for wet and dry deposition and first-order chemical transformations in the atmosphere, and uses meteorological inputs calculated based on weather observations in 1990. Initial predictions of PM 2.5 concentrations have been calibrated using the EPA's ambient monitoring data. The S-R matrix has been used previously in the EPA's regulatory impact analysis [7] and peer-reviewed publications [6] . COBRA uses predicted PM 2.5 concentrations at the county level as a proxy of personal exposure to PM 2.5 for people living in those counties, and estimates the health impact by combining these exposures with exposure-response relationships for each selected health outcome recommended by the EPA based on the literature. Finally, COBRA converts health impacts into an economic impact using an approach similar to that used in the EPA's regulatory impact analysis.
Results
According to the EPA, NO x emissions from non-compliant cars were 10 to 40 times higher than the EPA's current Tier 2 vehicle emission standard (0.07 grams/mile) [10, 11] . We defined these boundaries as best-case (10×) and worst-case (40×) scenarios, and the midpoint (25×) as intermediate (Table 1) . According to state-reported Highway Performance and Monitoring System data, in 2013, the annual mileage of the average passenger car in the U.S. was 11,244 miles [12] . In the absence of vehicle-specific mileage data, we assume this value for all affected cars in order to calculate total additional emissions. Thus, over one year of operation, the 482,000 non-compliant cars would emit a total of 3414 to 14,796 metric tons of extra NO x in the best-and worst-case scenarios, respectively. We estimated that across the different emission scenarios the total extra NO x emitted over one year of operation by the 482,000 non-compliant cars would result in 5 to 12 premature deaths using the EPA's lower-mortality assumption, 22 to 50 premature deaths using the EPA's higher-mortality assumption, 247 to 1061 episodes of respiratory symptoms, 3 to 14 hospital admissions for cardiorespiratory causes, and 3 to 13 emergency visits for asthma. These health effects would result in a loss of 687 to 2946 work days, and 4085 to 17,526 work days with restricted activity (Table 1) . The associated economic costs range from $43,479,189 to $423,268,502, based on various assumptions regarding emission scenarios and risks ( Table 2 ). The majority of the estimated costs relate to the economic impact of premature deaths (Table 2) . 
Discussion
Our study suggests that VW vehicles' lack of compliance had impacts on the health and well-being of the U.S. population. This assessment has limitations. First, we could not break down the affected cars by model, year of manufacture, or geographic area due to lack of data. Therefore, we produced estimates over one year of operation for all 482,000 affected cars. These estimates should be roughly equivalent to current annual estimates, as non-compliant cars were released starting in 2008 and, due to the low expected attrition of relatively new vehicles, most of them likely remain active. Although these estimates of health impact and external costs are much smaller than those for the EPA's 1990 Clean Air Act Amendments [15] (e.g., 160,000 prevented adult deaths and 1200 billion dollars in 2010) these estimates are non-negligible considering that this analysis focuses only on additional NO x emissions attributable to affected VW cars. Second, due to lack of data we did not include those light duty diesel cars equipped with 3.0-liter diesel engines that also installed a defeat device to circumvent emission tests for NO x [16] , nor did we include those diesel and gas cars with underreported carbon dioxide emissions [17] . Third, large uncertainties exist in most of these calculations, including estimates of emissions and concentrations, exposure-response relationships, and monetization of health impact. Finally, this analysis inherits all limitations inherent in the COBRA model, including overlooking the complex chemical reactions and transport of NO x in the air or for varying weather conditions by geographic areas, its indirect estimation of NO x impacts through NO x -derived fine particles, and lack of consideration of ozone contributed by NO x emissions through complicated photochemical reactions (increased NO x emissions can decrease ozone levels near roads, while ozone concentrations downwind increase) [18] . Future investigations are required to account for the geographical distribution of affected cars, varying weather conditions, and ozone attributable to extra NO x emissions. More accurate emission estimates can be calculated based on more detailed information on the affected VW cars (e.g., actual emission rates per category and model year, annual traveled distance per category, weather conditions). Predictions of air pollutant concentrations can be derived from regional-or global-scale air quality models that simulate chemical reactions related to NO x emissions (e.g., CMAQ).
Conclusions
This study shows that VW vehicles' lack of compliance potentially had impacts on the health and well-being of the U.S. population. When considering VW's alleged misdeeds, the consequences to public health and ensuing economic impact must be considered in further refined studies.
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